During spermiogenesis, mammalian chromatin undergoes replacement of nuclear histones by protamines, resulting in a DNA that is highly condensed in the mature sperm. We have previously demonstrated that a percentage of human spermatozoa exhibit 1) positivity to the guanine-cylosine-specific chromomycin A 3 (CMA,) fluorochrome and 2) the presence of endogenous nicks in their DNA. In situ protamination of mature human sperm limits the percentage of sperm positive to CMA 3 and exhibiting endogenous nicks. In this study, we report further investigations that aim to clarify the relationship existing between levels of CMA 3 stainability and the presence of endogenous nicks in the DNA of mature human spermatozoa.
INTRODUCTION
During spermiogenesis, mammalian chromatin undergoes replacement of nuclear histones by protamines [1] [2] [3] [4] [5] , which yields, at its conclusion, a DNA that is sixfold more highly condensed in spermatozoa than in mitotic chromosomes [6] [7] [8] . Mammalian protamines are about half the molecular weight of histones but at least 50% more basic. They are very rich in arginine and possess cysteine residues that form disulfide cross-links, conferring an extremely high degree of compactness to mature sperm chromatin [9] [10] [11] . According to Balhorn [5] , the proteins bind to a nucleic acid strand by adopting an extended conformation, lying lengthwise inside the minor groove and neutralizing almost all of the phosphates in one turn of DNA and then fitting the C-terminal and N-terminal tails into the major groove of another neighboring strand. More recently, Subirana [12] proposed that protamine molecules assume a helical form, running in parallel with the DNA double helixes, each protamine binding three DNA chains together. The structure of this insoluble highly packaged chromatin is thus refractory to in situ enzymatic digestion [13, 14] and shows a low binding capacity for several dyes and fluorochromes [14] [15] [16] [17] [18] [19] [20] .
In a previous paper, we have demonstrated that the tightly packaged chromatin of mature mouse spermatozoa is not accessed by the chromomycin A 3 (CMA 3 ) fluorochrome [21] . In mature human sperm, however, there is a variable accessibility of CMA 3 to the DNA that is virtually removed by in situ protamination [21] . As we have previously stated, results from our own studies and from other laboratories suggest that CMA 3 and protamines may bind through the minor groove of DNA and thus compete for the same site, even if the mode of binding may be different [21] [22] [23] [24] . CMA 3 therefore represents a useful tool for assessing the packaging quality of the chromatin in sperm and may allow an indirect visualization of protamine deficiency [21] . In addition to the accessibility of CMA 3 to mature human sperm chromatin, "endogenous" in situ nick translation experiments (that is, nick translation not preceded by endonuclease treatment) indicated that nicks in an appreciable, though variable, number of human ejaculated spermatozoa showed uptake of biotinylated d-UTP when the slides were simply incubated with DNA polymerase I [21] . On this basis we report further investigations that aim to clarify the relationship existing among levels of CMA 3 stainability and the presence of endogenous nicks in the DNA of mature human spermatozoa.
MATERIALS AND METHODS
Semen samples were obtained from 25 men attending the Clinic of Sterility, Cantonal Hospital, University of Geneva. Ejaculated spermatozoa were washed in Dulbecco's Ca 2 +-Mg2+-free PBS (two parts PBS and one part ejaculate) and centrifuged at 1200 rpm for 10 min. The procedure was repeated twice, and the washed spermatozoa were fixed in methanol/acetic acid 3:1 (4 0 C, 5 min) and then spread on slides. Two slides were prepared for each patient, one stained with CMA 3 and the other treated for endogenous in situ nick translation. At least 500 cells on each slide were examined. For CMA 3 staining, slides were treated for 20 min with 100 pl of CMA 3 solution (0.25 mg/ml in McIlvaine buffer, pH 7.0, containing 10 mM MgCI 2 ). They were then rinsed in buffer, air-dried, and mounted with a 1:1 mixture of PBS and glycerol.
For in situ nick translation, the experiments were performed by omitting the endonuclease treatments, since, in the presence of preexisting DNA endogenous nicks, the DNA polymerase I, by virtue of its 5'-3' exonucleotic activity, can catalyze movement of the nicks along the double helix [25] . The nick-translating procedure was performed according to Sumner et al. [26] , except that streptavidin (SAHR)-fluorescein isothiocyanate (FITC) was used as a label instead of streptavidin alkaline phosphatase to show biotinylated d-UTP incorporation. The fluorescent staining solution was prepared by mixing 10 .l1 SAHR-FITC, 90 .l 1 Tris buffer, pH 7.5, and 900 ,ul bi-distilled water. One hundred microliters of this solution was added to each slide and covered by a coverslip. The incubation was carried out in a moist chamber at 37 0 C for 30 min. After incubation, slides were rinsed twice in PBS, washed in distilled water, and finally mounted with a 1:1 mixture of PBS and glycerol. Fluorescence analyses were performed with a Zeiss Photomikroskop III (Zeiss, Oberkochen, Germany). CMA 3 and endogenous nick translation staining were predominantly of an all-or-nothing type. The rare cells showing ambiguous fluorescence were not considered.
RESULTS
Spermatozoa showed values of sensitivity to the CMA 3 fluorochrome, ranging from 13% to 75% of total cells (Fig.  1) . Endogenous in situ nick translation experiments similarly showed a percentage of sensitivity to the treatment that was highly variable. However, in this case, the percentage of nicked spermatozoa was constantly lower than that obtained after CMA 3 staining (Fig. 1) . A strong correlation (r = 0.86; p < 0.05, t test) was evident between the percentage of CMA 3 -positive sperm compared with the percentage of cells incorporating biotinylated d-UTP (Fig. 2) . In order to determine whether the spermatozoa sensitive to endogenous in situ nick translation were a fraction of CMA 3 -positive sperm, we performed an assessment of endogenous nick translation on the sperm previously treated with CMA 3 . This experiment clearly indicated that the CMA 3 pretreatment drastically reduced sensitivity to nick translation (Fig. 3) . In contrast, when slides previously nicktranslated were stained with CMA 3 , a variable but always consistent number of spermatozoa reacted positively to the treatment with this fluorochrome (Fig. 4) .
DISCUSSION
Many fluorochromes have been used in order to obtain information concerning sperm chromatin organization [14, 21, [27] [28] [29] [30] . CMA 3 staining intensity has been shown to decline in maturing spermatozoa of vertebrates as the chromatin packaging ratio increases ( [28, 29] ; Sakkas, unpublished results). In addition to this, we have hypothesized the existence of a possible molecular competition between CMA 3 's dideoxy sugar side chains and protamines for interaction with the minor groove of DNA [21] . We have also demonstrated that a fraction of ejaculated human spermatozoa possess endogenous nicks in their DNA and postulated that CMA 3 could represent a useful tool for the detection of both protamine-deficient loosely packaged chromatin and nicked DNA. The data presented in this paper confirm our previous observations in light of the strong correlation (r = 0.86;p < 0.05) existing between sensitivity to CMA 3 staining and sensitivity to endogenous in situ nick translation. Analogous results have been reported by Gorczyca et al. [31] . These authors observed by flow-cytometry analysis a strict correlation (r = 0.87; p < 0.05) between the percentage of human ejaculated spermatozoa with DNA strand breaks (detected by employing exogenous terminal deoxynucleotidyl transferase) and the percentage of cells characterized by an increased sensitivity of DNA to acidinduced denaturation.
The data presented here indicate that the percentages of CMA 3 -positive spermatozoa (varying from a minimum of 13% to a maximum of 75%) were constantly higher than the percentages of spermatozoa sensitive to endogenous in situ nick translation (ranging from 1% to 38%). The near disappearance of sensitivity to endogenous nick translation when slides previously stained with CMA 3 were nick-translated indicates that spermatozoa containing broken DNA represent a fraction of CMA 3 -positive spermatozoa. Such an interpretation is supported by considering that incorporation of CMA 3 (a polymerase inhibitor) can prevent the accessibility of DNA polymerase I to DNA [32] and that, on the other hand, almost none of the CMA 3 -negative spermatozoa presented nicked DNA. Furthermore, the percentage of CMA 3 -positive cells was generally reduced in previously nick-translated preparations. These data taken as a whole support the existence in the human ejaculate of three classes of spermatozoa: 1) spermatozoa negative to both CMA 3 and endogenous nick translation treatments, 2) spermatozoa positive to CMA 3 only, and 3) spermatozoa positive to both treatments. A smaller fourth population of cells incorporating biotinylated dUTP, but negative to CMA 3 staining, was also present. Subsequently, in most ejaculates the majority of healthy spermatozoa contain compact chromatin (highly protaminated) and unbroken DNA. The other two main classes, however, represent sub-groups of spermatozoa that have anomalies and either contain loosely packaged chromatin (probably underprotaminated) but unbroken DNA or both loosely packaged chromatin (probably underprotaminated) and nicked DNA. The relative proportions of these classes of spermatozoa in a particular patient's ejaculate may represent a useful tool for assessing his fertility.
The presence of nicks in sperm DNA has been shown in a number of studies. In rodent species, endogenous nicks are evident during late spermiogenesis (steps 12-13 rat spermatids) but are not observed once chromatin packaging is completed (rat: [33] ; mouse: Sakkas, unpublished results). McPherson and Longo [33, 34] have demonstrated topoisomerase II activity in elongating rat spermatids and suggested a role for this or a similar enzyme in the DNA nicking that takes place during chromatin rearrangements that characterize late spermiogenesis. In contrast, Gorczyca et al. [31] have proposed that the presence of endogenous nicks in ejaculated human spermatozoa is characteristic of programmed cell death as seen in apoptosis of somatic cells and functional elimination of possibly defective germ cells from the genetic pool. The appearance of nicks during the late spermatid stage has been proposed to facilitate the packaging of DNA into a very small volume during spermiogenesis [33, 35] . McPherson and Longo [33] proposed the possibility that protein replacement and chromatin rearrangement are related to nick translation sensitivity. On this basis, the nicked ejaculated spermatozoa might represent spermatozoa that have failed to complete maturation.
In this study, we have shown a correlation between chromatin packaging, as revealed by CMA 3 positivity, and the presence of nicks in sperm DNA. The presence in the ejaculate of spermatozoa highly positive to CMA 3 , with or without nicks, may indicate anomalies in the chromatin packaging process occurring during spermiogenesis in specific patients. Further investigation of the factors responsible for these subclasses of sperm in the ejaculate may elucidate the relationship between protamine replacement during chromatin packaging and the presence of nicks during spermiogenesis, and their possible relation to male infertility.
